Pericentromeric satellite repeats are enriched in 5-methylcytosine (5mC). Loss of 5mC at 33 these sequences is common in cancer and is a hallmark of Immunodeficiency,
Introduction
In vertebrate genomes, the majority of cytosine residues within CpG dinucleotides are 48 methylated at the 5 position of the cytosine ring (5-methylcytosine, 5mC) (Suzuki and Bird, Pericentromeric satellite type-1 (Sat1) repeats are found on all zebrafish chromosomes The cytosolic dsRNA helicase MDA5 is required for the interferon response in 273 zbtb24 mutants 274 Finally, we sought to identify the specific PRR required for the interferon response in 278 recognizes long double-stranded RNAs in the cytosol (Crowl et al., 2017) . Given that 5' 279 triphosphorylation of RNAs is a typical viral signature that is unlikely to be present on 280 endogenous RNA transcripts, we reasoned that Mda5 was a more likely candidate for the 281 receptor. To test the requirement for mda5, we generated a 7 base-pair deletion in this 282 gene that disrupted the DEAD box helicase domain (Figure 4-figure supplement 1C) .
283
This mda5 mk29 allele was then introduced onto the zbtb24 mutant background, and 284 expression of the ISGs stat1b and irf7 was examined at 3 wpf. Homozygous mutation of 285 mda5 was sufficient to restore stat1b and irf7 expression to wild-type levels in zbtb24 Δ/Δ 286 mutant larvae, suggesting that Mda5 is the primary PPR required for the response (Figure   287 6A). This requirement was further validated by RNA-seq, which revealed that a broad 288 panel of ISGs that showed elevated expression in zbtb24 single mutants were no longer 289 upregulated in mda5 mk29/mk29 ; zbtb24 Δ/Δ double mutants (Figure 6B-C) .
290
Taken together, these results support a model in which derepression of transcripts 291 from hypomethylated pericentromeres triggers activation of the innate immune system 292 through the Mda5/Mavs viral RNA recognition pathway (Figure 6D) . These findings 293 identify roles for pericentromeric RNA as a trigger of autoimmunity and reveal important 294 functions for pericentromeric methylation in suppressing the generation of these 295 immunostimulatory transcripts. Based on these results, we propose that induction of the 296 innate immune system is one of the earliest in vivo consequences of pericentromeric 297 methylation loss.
Discussion

299
In this study, we describe a viable animal model of ICF syndrome which recapitulates key 300 phenotypic hallmarks of the disease including slow growth, facial anomalies, 301 immunoglobulin deficiencies and reduced lifespan. Given that previous attempts to model 302 ICF syndrome have resulted in perinatal or embryonic lethality (Geiman et al., 2001; Ueda 303 et al., 2006; Wu et al., 2016) , this zebrafish model provides an important new resource for 304 understanding ICF disease etiology during juvenile and adult life stages. In particular, 305 zbtb24 mutant zebrafish will be useful for understanding phenotypes such as 306 immunoglobulin deficiency, which have not been observed in mouse models and are 307 difficult to study in cell culture systems.
308
Methylation analysis of zbtb24 mutant zebrafish suggests that the general 309 methylation landscape in these mutants is comparable with that in ICF syndrome. Recent 310 methylome analysis of primary blood from ICF patients identified methylation changes of 311 greater than 20% at roughly 3% of examined CpG dinucleotides. Significant changes in 312 methylation of retroviruses and other dispersed repeats were not observed in these 313 patients (Velasco et al., 2018) . Consistent with these findings, our ERRBS analysis 314 revealed methylation changes of greater than 20% at roughly 1.3% of assayed CpG 315 dinucleotides and found methylation of dispersed repeats to be similar between wildtype 316 and in zbtb24 mutant zebrafish.
317
In the current study, methylation levels at pericentromeric Sat1 sequences could 318 not be quantified by ERRBS, as this technique relies on Msp1 restriction digest to enrich 319 for CpG containing sequences, and zebrafish Sat1 repeats are lacking in this restriction 320 site. Instead we employed digestion with the methylation sensitive restriction enzyme 321 HpyCH4IV to measure methylation at these repeats. This approach remains the most 322 effective way to assess methylation at highly repetitive sequences. At 32 wpf, we observed 323 increases in sensitivity to HpyCH4IV digestion that are consistent with up to 95% reductions in methylation at Sat1 pericentromeric repeats in zbtb24 mutants, while 325 methylation of these sequences was similar to wildtype at 1 wpf. This progressive loss of 326 5mC implicates Zbtb24 in regulating the long-term maintenance of methylation at 327 pericentromeric repeats. We note that the onset of ICF-like growth defects in zbtb24 328 mutant zebrafish emerged in the weeks following Sat1 methylation loss. In at least one 329 case of ICF syndrome type 2, growth reductions and immunodeficiency were also reported 330 to develop with age, raising the possibility that similar progressive methylation loss may 331 impact ICF etiology in humans (von Bernuth et al., 2014) . It is also possible that Zbtb24 332 functions in both maintenance and establishment of pericentromeric methylation, but that 333 requirements for establishment are masked by maternally deposited RNA in zbtb24 334 mutant zebrafish lines. Unfortunately, zbtb24 homozygous mutant zebrafish are sterile, 335 preventing the generation of the maternal-zygotic mutants required to address this 336 question.
337
In the current study, we take advantage of the progressive Sat1 methylation loss 338 in zbtb24 mutants to identify activation of interferon signaling as one of the earliest in vivo 339 consequences of pericentromeric hypomethylation. This phenotype cannot be attributed 340 to defects in adaptive immunity, as the zebrafish adaptive immune system is not functional 341 until roughly 4 wpf (Trede et al., 2004) . Induction of an interferon response has been 342 reported in the context of global hypomethylation in cancer cell lines treated with the DNA 343 methyltransferase inhibitor 5-azacytidine and in zebrafish mutated for the maintenance 344 DNA methyltransferase machinery (Chernyavskaya et al., 2017; Chiappinelli et al., 2015;  345 Roulois et al., 2015) . In each of these cases induction of the interferon response was 346 attributed to massive derepression of endogenous retroviral elements.
347
Our results are distinguished from these earlier studies in that we identify 348 hypomethylation of pericentromeric sequences and subsequent derepression of 349 associated satellite transcripts as a previously unappreciated trigger of innate immunity.
Immunostimulatory motifs have been noted in pericentromeric RNAs derived from mouse 351 and humans, and transcripts derived from these repeats have been observed in p53 null 352 mouse fibroblasts following global methylation loss (Leonova et al., 2013; Tanne et al., 353 2015) . However, while these studies suggest the potential for pericentromeric 
363
While mutation of mda5/mavs rescued the interferon response in zbtb24 mutants, 364 mda5/mavs mutation had little impact on other ICF phenotypes observed in zbtb24 365 mutants. Therefore, we find it unlikely that the interferon response drives ICF etiology.
366
Rather this response represents an additional consequence of pericentromeric 367 hypomethylation. Hypomethylation of pericentromeric sequences is compatible with 368 human viability and is observed in abnormal cell contexts including cancer and 369 senescence. Massive increases in pericentromeric transcripts and upregulation of 370 interferon genes have both been noted in cancer (Cheon et al., 2014; Ting et al., 2011) .
371
Our data raise the possibility that pericentromeric hypomethylation and subsequent 
386
repeat assembly was achieved using the Golden Gate assembly method, and assembled 387 repeats were integrated into the GoldyTALEN scaffold (Bedell et al., 2012; Cermak et al., 388 2011). Assembled vectors served as templates for in vitro mRNA transcription using the 389 T3 mMessage mMachine kit (Ambion) according to manufacturer's instructions. 50-100pg 390 mRNA was injected into wild-type embryos at the one-cell stage. Injected embryos were 391 raised to adulthood and F1 progeny were screened for germline transmission of mutations 392 as previously described (Li et al., 2015) . Primers used for detection of mutations and 393 subsequent genotyping are included in Supplementary File 1.
395
Target selection for CRISPR/Cas9 mediated mutagenesis was performed using 396 CHOPCHOP (Labun et al., 2016) . sgRNA templates were generated either by cloning into 397 pT7-gRNA as described by (Jao et al., 2013) or using the oligo-based approach described 398 in (Gagnon et al., 2014) and (Burger et al., 2016) . All template oligos are listed in 399 Supplementary File 3. sgRNAs were in vitro transcribed from their respective templates 400 using T7 RNA polymerase (Promega) as per manufacturer protocol. Cas9 RNA was in 401 vitro transcribed from the pT3TS-nls-zCas9-nls plasmid (Jao et al., 2013) using the T3 402 mMessage mMachine Kit (Ambion). For mutagenesis, 200-400ng of sgRNA and ~500ng 403 of Cas9 mRNA were co-injected into wild-type embryos at the one-cell stage. Injected 404 embryos were raised to adulthood, and F1 progeny were screened for germline 405 transmission of mutations as previously described (Li et al., 2015) . Primers used for 406 detection of mutations and subsequent genotyping are included in Supplementary File 1. 
425
For Southern blot analysis, 1 µg of purified total genomic DNA was digested with the 426 indicated methylation sensitive restriction enzyme, fractionated by electrophoresis through a 0.9% agarose gel and transferred to nylon membrane. Probes were PCR amplified using 428 primers in Supplementary File 2 and radiolabeled with 32 P-dCTP using Rediprime TM II 429 Random Prime Labelling System (Amersham) according to manufacturer protocol.
430
Hybridization signals were imaged and analyzed using a Typhoon phosphorimager (GE 431 Life Sciences). Signal intensities were measured using ImageJ. Methylation changes at 432 Sat1 was quantified as a ratio of the intensity of the unmethylated / methylated blot regions 433 as indicated in the respective blot.
434
HypCH4IV was selected for Sat1 methylation analysis over the more traditional 435 Msp1/HpaII isoschizomer pair because Sat1 sequences lack the CCGG sites that are 436 recognized by these enzymes.
438
Enhanced Reduced Representation Bisulfite Sequencing (ERRBS) 439 50 ng of high quality genomic DNA was prepared from fin tissue from adult zebrafish at 440 24 wpf as previously described (Garrett-Bakelman et al., 2015) . DNA was digested with 441 Msp1. Bisulphite conversion rates (calculated using non-CpG methylation conversion 442 rates) ranged from 99.6 to 99.7% for all samples (Figure 2-figure supplement 2C ).
443
Amplified libraries were sequenced on the Hiseq2000 platform for 50 cycles single end 444 read runs. ERRBS data were filtered for sequence adapters, limited to the first 29 bp of 445 the read (Boyle et al., 2012) , and mapped to the zebrafish genome (danRer7) 
461
For Northern blot analysis, total RNA was extracted with using Trizol (Invitrogen). 2 µg of
462
RNA was subjected to electrophoresis on 1% agarose gel and transferred to Amersham
463
Hybond-N+ membrane (GE Healthcare). The membrane was probed with 32 P-dCTP 464 radiolabeled Sat1 DNA probe at 42°C. Hybridization signals were imaged and analyzed 465 using a Typhoon phosphorimager (GE Life Sciences).
467
TAG-aided sense/antisense transcript detection (TASA-TD) strand-specific PCR was 468 performed as described by (Henke et al., 2015) . 
479
Zebrafish genome (danRer7) using the rnaStar aligner v2.5.0a (Dobin et al., 2013) . We 480 used the two pass mapping method outlined in (Engstrom et al., 2013) . The first mapping 481 pass used a list of known annotated junctions from Ensemble. Novel junctions found in 482 the first pass were then added to the known junctions and a second mapping pass was 483 done (on the second pass the RemoveNoncanoncial flag was used). Expression counts 484 (counts per million, cpm) were computed from the mapped reads using HTSeq v0. Intensity of unmethylated / methylated relative to zbtb24 +/+
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